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of JSiSESS^^ * river epiHtho, Strains 

The sources of transform^ DNA and reS£2 £S£2T£ ' I DNA »r live donor cells, 

incubated midstream in driver The transfer ftS™ on fllte "> secured to stones, and 

was detected in the Zr Ta! bdow in' C £ ^eoTZ^Z^T^ tem P era ^ "° ^nsfer 
quencies in situ but did not significantlv afltofe££.£? * P ^ the tm ^"0m fre- 

recipient cultures which hX^ZS^inX ^^Z^^ media - T^™™ of 
plasmid pQM17 in situ were also dSS S %*%£&^^ ° f the 

formation in situ of bacteria incorporated into an ta£Z c^mmS ^ ^ 



Natural transformation is a process in which competent cells 
take up exogenous DNA and incorporate it heritably into their 
genomes. For a recent review of natural transformation in the 
environment see reference 21. In recent years there has been 
increasing concern that horizontal gene transfer events such as 
transformation could result in the spread of undesirable char- 
acters (10, 17). Uncertainty as to whether recombinant 
sequences from genetically engineered organisms might be 
transferred to indigenous populations has highlighted the need 
to better understand gene transfer processes in nature (8, 32, 
Siv^?oTffol y ' ^ 10u gh transforation was described as 
early as 1928 (12), comparatively little is known about its oc- 
currence or impact in nature. 

The ability to take up DNA (competence) may be common 
m natural populations. Frischer et al. (9) found that 14% of 
randomly isolated marine heterotrophs were competent to 
take up homologous chromosomal DNA and that 10% were 
able to take up a broad-host-range plasmid, pQSR50 How- 
ever, it is not known whether these organisms express compe- 
tence m the environment. Several authors have studied natural 
transformation .n laboratory-based microcosm experiments 
n^-rrJ 6 ' ° raham ., and Tstock (11) examined the transfor- 
mation of Bacillus subhhs in soil microcosms, Stewart et al (31) 
studied die transfer of rifampin (RIF) resistance between 
strains of Pseudomonas stutzeri in sediment microcosms, and 
■ ,;, ( ) demonstrate Q the uptake of plasmid DNA by a 
marine Kbno strain in marine water and sediment micro- 
cosms. These studies clearly demonstrate that natural environ- 
rnents have the potential to support natural transformation 
However, as microcosms cannot reflect all the variation that an 
environment is subject to, in situ experiments are necessary to 
prove that transformation will occur in these environments 

We have recently shown that natural transformation occurs 
in river epihthon. An auxotrophic mutant of Acinetobacter cal- 
cooceticus was transformed to prototrophy in unenclosed ex- 
periments (36). Epilithon provides a suitable environment in 
wh,ch to study gene transfer because the dense, sessile^bacte" 
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rial population and relatively high levels of activity can pro- 

Rm% » e K Cteria ! n*™*™ ( 3 . 8- 18). A. calcoacelcus 
BD413 was chosen to model naturally competent bacteria in 
the epihthon because strains of Acinetobacter are common in 
sod and water (6, 14) and because several strains, including 
BD413, are competent for transformation (14 15 34) 

In this article we describe natural transformation in three 
different nver systems and examine the effects of temperature 

K 3g f i and P reincor P°ration of the recipient into the 
epdithic biofilm on gene transfer. 

MATERIALS AND METHODS 

; J?,^' T*"? ■, S P° lltaneou « "f calcoaceticus BD4I3 (13) were 

Kolaled by direct plating an selective media, and where relevant, pQMl? a 
J£5f7%? " ,at . Cncodcs mcrei "V Stance and that was isolated from river 
epihthon (25), was mtroduced by natural transformation to pioduce the fol ow 
mg strains: HGW98(pQM17) ,His + Met" Hg"), HGW1?2UpQM17» flS? 
Met- R,f Sp' Hg<), and HGW1510 (His- Met* RiF Sp 1 } where RiP i^RTF 

Transformation on agar in Ihe laboratory. The source of transforminir DNA 
(13, 35). Overnight LB cultures of the recipient (1 ml) and source (1 ml) of DNA 
1 itniT'r 0 Se P? ra,e , memhra ^ ate (nitrocellulo"por7 l£ o4S 
m ' *«nctcr) and then placed together so that the rccioicnt and 

•nra of DNA were w contact. The mating mbtture was tocibated Sdard 

lusua ny m C) for 24 h, then removed, resuspended in B2-> salts solution u\ 
conuunmg DNase I (50 ag/ml; Sigma,, and enumerated on seTective medk bv 

*zzz^r tm ,he drnp count me,hod - «« <tt& 

plus RTF (irm ^g/mi) and transformantswere selected on S22 (minimal medium 

,"„?? ? h'« 14 « 0f "8°^ and 75 « °f RIP P« ^36) When 

on ruA plus RIF (100 ng/ml), transformants were selected on SE22 iminim.ii 
medium supplemented with 14 of HgCI* 75 „r of a „Sm T^ n r Zrl 
per ml, and 05% [vol/vol] culture filtfatc) (3^an d wc^ £^ 
either mimmal medium (4i or PPa nin« H,r rn / nJ . 

the number of transformants per recipient. expressed as 

Transformation in beaker microcosms. Water was collected fmm ,1,™ r# 

rate nver from a spring source in Florida). The «lci2£Stod^i5E 
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ml J; ? .• ' and then . * e m,ers were ntri °"* '^suspended in 3 

forntS 5 ■ ? COntam " ,e ° NaSe 1 (5 ° «*»<>■ The ™»"»» of trans- 

tZI™ ^Pfnf were estimated as described for matings on agar. 

Transformation in sita. In situ matings were performed in triplicate funless 
Z7*lT d) ^ °r Taff L mhb °'°»& - We* Wachee^ Typ" 
Sff^SStaST stone: ,? bout .!. 0 l b y " by 2 em) were taken from the riv„ 
^Jf 1 . 0 ™ L the ep^on, a »d sterilized. As no suitable native 
SET!" T f V^ 6 " abboro »* « Week, Waehee Aers, date dt« 
(26) were used mstead Rlters harboring the sources and recipients of DNA were 
prepared as described for laboratory matings and then transported separated on 
ce m sterile > entun. to the river. They were.then.plaS™the*S^f a ■ 

T f^L ^ Stones were placed in a nylon mesh bag (mesh size 2 by 2 cm. 
SteWf 7T fi ' . to a metal s ^ «»J Merged Sffifi 

dSI ?50 -rT 6 ^IfP* 11 ^ d ta 3 ■« °f B22 salts solution containing 

DNase I (SO ^g/ml). The numbers of transformants and recfcients were esti- 
mated as described for matings on agar. 

J^r"* 0 " ° f CD ""," S '""Torated into epilithon. Recipient and donor 
cultures were incorporated mto growing epilithon (in situ). LB cultures (1 

ZZ^ m mem ^ Ia,le 61terS wd P ]a « d *» d °™ °" steriSbted 
Tl, tolSSLT 6 r" 64 T' OSed in mesh ^ and in the river for 

,2 5 5^ deveI °P ment °f * biofilm. The filters were then removed and fte 

stones with reopiento mcorporated into the growing epilithic biofflm were thm 
used for . situ matings. Either a filter harboring a Mh* or astonTwIth a^ 
incorporated donor culture was placed in contact withfte AciS^W? 

further 24 h and then removed and returned to the laboratory in a sterile plastic 
SXi? T • ; 46 Moratory *• =*ea of the stone harboring the 2* 
scrubbed with a short, stiff-bristled stencil brush for 3 min fi 3 ml ^ K2 sTlte 

regents were estimated as described for matings on agar 

Meet or growth of the recipient culture prior to mating. Tubes of LB (4 ml) 
were moculated with a stationary-phase culture of HGW1521(pQM17V a vari 
cntmm to produce cultures that had been grown' for 15 mS to50 h Ater 
mcubation, the optical densities were measured at 540 nm and appropriate 

werTtLTn^ ^ <°' «* P« cm*. TheseTeS 

£Z < ■ VH Sf °i m ! d 10 P rot0,r 0P»y by lysates of BD413. Cultures were incu- 
bated for 24 h on PCA at 20°C, in B22 salts solution solidified with agar fB22 sajts 
agar) at either 5 or 20'C, or in situ in the Hillsborough River. S X 

Effect of the amount of lysate added. HGW1521(pQM171 was transform«t , n 
prototrophy in laboratory filter matings as desert aK U ^™rio» 

»T m * 10 ml >- Mati ^ «« formed either^™ 
& ? hr ? se P?rately prepared lysates of BD413 were compared 

cuto^™ , pc^ThLT ,i0 ^ TranSfOnn ^ t CO, ° llieS ^P"^ off 

on PCA - Th^ were then screened for secondary characteristics by their 
aMity to grow on selective media and for the presence ofplasmids bTfte meSod 
pltinnfterec^, OS- Moratory mutation frequencfes 
Plating the recipient only on selective media. The limit of detection for in situ 
wStTif, ^ ^fS™; C ° ntrol «Peri>neat, with recipient™ Z 
whfl^ "ui S » A - 3d ,2 ed - ?"° demon5tral e •>»* «ene transfer had occurS 
whUe the sample was in the river, control experiments were performed by 

V u^ 3 ^ ttanSfet fancies without incubating samples! situ 
homnlfn^ f" Vab&S Were compared ^ of variance, before which 

homogeneity of vanance was confirmed by using Bartletfs test (29 Log'! 

aZSS* T K - aPPlied T tranSfer ****** to "omogSus v'rt 
ances. Analyse of variance and regression analysis were performed with Minitab 
— 7.1 (Minitab Inc., State College, Pa.). Minimum signSt XenS 



TABLE 1. Transformation and mutation of HGW1521(pQMI71 
to prototrophy in the laboratory and in situ 



Source of Transformation frequency of 
^foS g °DNA HGW1521(pQM17)° 
. PCA (laboratory), 20»C River Taff, 17°C 



None 

Lysate of BD413 
BD4I3 whole cells 



4.90 x 10"' 
7.13 X 10~ J 
9.55 X 



Z09 X 10 - ' 
7.94 X 10- 4 
7.76-X-10-"- 



Culturcs were mcubatcd for 24 h under the indicated conditions Frequencies 
are expressed as numbers of presumptive transformants (colS gZmg on 
rteewe med.a per recpient and are the means of three replieaKeSmfnts 

« Z'ZZ^ ,ficam mtnnce u which m »" s ™* "e dSSS 



Wachee River. Transformation was detected in sterile and 

ITf f! C ^ ker ^ rocos ms and in unenclosed experiments 
for all three rivers (Table 2). 

Effect of temperature. Transfer of the chromosomal wild- 
type histidine gene was detected in the laboratory at temper- 
atures as low as 2°C. The transfer frequency increased snffiy 
mth temperature (Fig. 1A). Figure IB and 1 C show the San 
transformation frequencies plotted against the water temper- 
ature for experiments performed in situ. The WeeM Wachee 
Kiver maintained a constant temperature of 24°C all vear at 
the sample site. The river Taff and Hillsborough Rive/varied 
belween 2 and 22°C and between 18 and 30°C, respeSy 
Both rivers usually varied ± 1°C during a 24-h period. No trans- 
formation was detected at frequencies significantly higher than 
the spontaneous mutation frequency in the river Taff at tem- 
peratures between 2 and 6°C (during winter). The transforma- 
tion frequency generally increased with temperature until it 
wa^ as high as those that could be detected in the laboratory. 
IHe highest individual transformation frequency detected in 
s.tu was 1.04 X 10-2 fa the misborough E * 2 ~ 

In some cases, a high degree of variation (up to a 100-fold 
difference m transfer frequencies) between replicate in situ 
experiments was observed. Further experiments were carried 
out to determine whether differences in the recipient culture or 
lysate preparation were responsible for this variation 

Effect of the amount of lysate added. The transformation 
frequency of HGW1521(pQM17) to prototrophy increased Sn 
the amount of lysate added until a saturated frequency of 
approximately 10~ 3 was reached. Differences between differ- 
ent lysate preparations were observed, but in each case 1 ml of 
lysate gave a transfer frequency of approximately 7.24 X 10" 4 
Effect of growth of the recipient culture prior to mating. The 
age of the recipient culture affected the transformation fre- 
quencies in situ but did not significantly affect the transfer 



RESULTS 

Transformation of HGW1521(pQM17) to prototrophy by 
chromosomal DNA on agar in beaker microcosms and to sita. 
Recipient strains of A calcoaceticus were shown to acquire an 
altered genotype following a 24-h incubation with either a 
crude lysate or an untreated donor culture, both in the labo- 
ratory on agar and in unenclosed experiments in the river Taff 
No transformants were detected in control experiments in 
which samples were not incubated but instead were immedi- 
ately resuspended. Table 1 lists the mean transforma!,rfr e . 

river Tafft 8 !? 6 f °" ^ the lab ° rat0l y and in situ * 
nyer 1 aff. In situ transformation experiments were repeated in 

two other river systems, the Hillsborough River and the Weeld 



TABLE 2. Comparison of transformation frequencies 
different river water environments" 



River 



Mean transformation frequency 
(no. of replicate experiments)'' 



Sterile 
microcosm 



Nonsterile 
microcosm 



In situ 



Taff 110 x ia ~ 4 (1) 2.45 x I0" J (l 1 7 r» y in-* n\ 

Hillsborough 9.66 x, 0- 2 4.62 X 0- 4 102X r]-< 6 
Week, Wachee 5.50x 10 - 4 (1 j 1.00 x ip-? j?j 2.20X10-^4) 

R^TmT 3 "'™ ^ HGW,52, (PQM1T) to prototrophy was by lysate, of 
BD4a Matings on filters attached to stones were incubated at 20'C for 24 h 

waslfiOtog'S. meKaCe M WUdl — bTdhfiSw 



2996 WILLIAMS ET AL. 



Appl. Environ. Microbiol. 




10 

FIG. 1. Effect of temperature on transfer frequencies for HGW15?UnOMi Tem P <° C ) 

incubated in the river on the same ™Jri^J? • ? . Wachee Rlve '- Bach point represents the mean of tih™ ~r ? ? Taff * and ^ennients above 



20 
(°C) 



Stares of HGWl°^^M?^ a ^ 2 > Exponentlal-phase 
cuuures of HGW1521(pQM17) were transformed to prototro- 

Sates of tern , T transformed t° prototrophy by 
lysates of BD413 at a frequency of 1.00 X lO" 4 (n = 3) When 
whole donor cells were used to transform HGW1521(pQM17) 

above the background frequency of 1.06 X 10~ 6 (n = 31 

rHfi^S 8 " 011 ? P,asmid P^ M17 - Rec 'P ent cultures 
SS rr tau»ft«»«I to mercury resistance by pi*! 

* 1X ^ e 7 an transfer fre q«encies (« = 3) ofl 11 X lCT 8 
™ h V ° n PCA at 200(3 in 'he labo atory were ob- 
served when plasmid DNA was added as lysates or whofe ceHs 

ot HGW1510 to mercury resistance in the laboratory was 




Time (h) 



tt 10 u n ( K ~ 3 ) L ^formation of P QM17 occurred in situ in 
the • ttlbbonmgh River at mean transfer frequencies (« = ) £ 
3JD7 X 10 from lysates and 1.26 X 10~ 7 from whole cells 
The frequences of presumptive transformant ™is we e 
not s.gmflcan ly afferent from the background frequenj 0 f 
•** i , ™. Y 1 = 3 ) observed when the recipient onlv was 
incubated ,n the river. However, all of the pre.Lptive C 

SB? b ^ onies 'f ? ( " - 5 > Were shown ffi 

PQM17 but none of the colonies formed on control nlate< 
contained the plasmid. These results confirm thaTSforma 
tion of plasmid P QM17 did occur in situ. No trSSte 
detected when HGW1510 was incorporated KfEJ 

DISCUSSION 

The aim of this study was to demonstrate that transforma- 
natural environment and TeSmTne 
factors that affect tins process. Transformation in a variety of 
aquatic microcosms has been reported (7, 22, 23 30 31) Itow 
ever, th,s study is the first to report hLfo^HiS'S 
bacteria incorporated into river epilithon. The £en£ be 
K 9T icr r sms and in situ experimentsshown k 
Jwrlto rT' IT ^«ocosms do not 

accurately reflect the env.ronmental conditions. The high de- 
gree of Variability between replicate experiments performed in 
situ reflects the dynamic and highly variable nature of the 
t?Z° a Tu' unchara <=terized natural potations and 
temporal changes in conditions such as temperature Uumina- 

1 X' tT™* C ? m P° sitl ° n ' and flow "*«• These re ulS gh- 
Sto5 d S rt i nCe 0f P erformin g in ««u experiments 8 L 

2 S ri f 17 and microcosn > experiments do not ex- 
hibit the range of responses observed in situ. Control exoeri 
ments om.tting the incubation stage proved tha? "ran feS 
occurred only during the incubation period. This was Tlof 

n^ souSof bK ba ^ ound frequencies observed when 
no source of DNA was added were presumably due to spon- 
taneous mu ation, transfer from the indigenous population or 
growth of indigenous organisms. Thes! frequeS repre 
sented the limit of detection. "^uencies repre- 

ih^ m V ranSf f fr ^ uencies Served in situ were higher than 
hose observed on complex laboratory media. In th! laboT 

rJfw t H h % t i anSf0rmati0n ° fA ^coZeticus did not require 
%F$k Jt 3nd hi8her frequencies were obXd 

on B22 salts agar than on complex media (35). Lorenz^nd 
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Wackernagel (20) have also demonstrated that transformation 
may be stimulated by nutrient limitation in the chemical envi- 
ronment provided by a soil extract. The presence of the natural 
community has been shown to have mixed effects on transfor- 
mation. The ambient community either reduced the frequency 
of transformation of a marine Vibrio strain or had no effect in 
water column microcosms (22). It reduced the transformation 
frequency of P. stutzeri (30) and prevented transformation of 
Vibrio strains (22) in sediment microcosms. In this study, trans- 
formation-ofvl. calcoaceticus was not inhibited by indigenous 
organisms. 

The transformation frequency in situ generally increased 
with temperature. A strong linear relationship between tem- 
perature and conjugation frequency was demonstrated in sim- 
ilar experiments with river epilithon (5). However, there was 
not an optimal temperature for transformation of the type 
commonly seen in conjugation experiments (4). These results 
suggest that gene transfer could be more prevalent in regions 
with warmer climates and during the summer months of re- 
gions with colder climates. Temperature did not have as great 
an effect on transformation in laboratory experiments on agar. 
Transformation was detected at temperatures as low as 2°C on 
agar but was not shown to occur below 10°C in the river. 
Rochelle et al. (25) reported similar transfer frequencies for 
cell-to-cell transformation of pQM17 at 12 to 40°C in the 
laboratory. However^ they described much lower transfer fre- 
quencies at 4 and 9°C Analysis of covariance showed a signif- 
icant correlation (P < 0.05) between transfer frequency in situ 
and temperature for both lysates and whole cells (Fig. IB and 
C). The linear fit was not tight (r - 0.584 for lysates and r = 
0.779 for whole cells), suggesting that other unknown factors 
are also involved in determining transformation frequencies. 
The high degree of variation observed between replicates in 
the river might be expected in experiments involving uncon- 
trollable natural factors. However, experiments with recipients 
grown for different lengths of time prior to mating suggested 
that the variation may be partly due to differences in recipient 
culture age. This contrasts with experiments in the laboratory, 
in which no differences were observed between differently aged 
cultures. In previous experiments, the time taken for cell-to- 
cell transformation to occur was also affected by culture age, 
although the same maximum frequency was eventually reached 
(35). 

The effect of increasing amounts of lysate on transfer fre- 
quencies may reflect the availability of transforming DNA. 
Large quantities of DNA are produced and rapidly turned over 
in aquatic environments (24), although how much of this is 
available for transformation is unknown. Lorenz et al. (19) 
have shown that A. calcoaceticus and B. subiilis release trans- 
forming DNA during growth. In the environment, free DNA 
would be exposed to degradation by nucleases, etc. The more 
time recipients require to take up DNA (for example, because 
of differences in culture age), the less DNA may be available 
for transformation. Hence, persistence and availability of 
DNA, competence development, and rate of DNA uptake may 
be key factors determining the likelihood of transformation in 
natural environments. Several authors have suggested that 
DNA may be protected from degradation in the environment 
by being bound to surfaces such as sediments (1, 7, 27, 31). 
However, such bound DNA may be unavailable for transfor- 
mation (31). Cell-to-cell transformation is sometimes observed 
in the presence of DNase I (2, 34, 35); thus, close interaction 
between whole cells may protect DNA from degradation dur- 
ing transformation. The influence of cell adhesion on DNA 
availability and competence development is not known but 



may prove to be important in determining the efficiency of 
transformation in biofilms. 

Experiments in which recipients were preincorporated into 
the epilithic biofilm allowed cells to be studied in a more 
natural state. As well as being exposed to all the natural vari- 
ation of the environment during mating, the recipients had 
been acclimatized to the river conditions prior to mating, 
which is not the case in laboratory cultures. Unfortunately, 
because low recipient jraunts xesulted in a low limit-of detec- 
tion; thislnethod was unsuitable for studying transformation 
events with low transfer frequencies (such as transformation of 
plasmid pQM17). The lower transformation efficiency ob- 
served for plasmid pQM17 DNA compared with the chromo- 
somal genes tested may reflect the size of the DNA fragment 
transferred. Transformation is generally most efficient with 
homologous chromosomal DNA, as the fragment can be inte- 
grated into the recipient's genome by recombination (13, 21). 
Plasmid DNA can be recircularized by mismatch repair if two 
copies of the molecular are taken up. This would allow plasmid 
DNA to be transferred to a broad range of hosts without 
homology and may explain the increased transfer efficiency 
often observed with plasmid multimers (9). 

For transformation to occur in the environment, the condi- 
tions must facilitate transformation and there must be a source 
of transforming DNA and competent recipients. There is an 
abundance of DNA available for transformation in the envi- 
ronment (24). Competent recipients are common and may 
form up to 16% of the population in some environments (9). 
The results of this study prove that the aquatic environment of 
river epilithon is able to support natural transformation. Trans- 
formation is likely to be an important mechanism by which 
genes, including those from recombinant organisms, could be 
spread through natural populations and is of particular interest 
in that genes may be transferred even after the donor organism 
has ceased to be viable. 
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